A B S T R A C T Although baroreceptor stimulation
produced by marked alterations in arterial pressure has been shown to produce reflex changes in venous tone in animals, the effects on venous tone in man of altering arterial pressure within the physiologic range have not been clear. In six subjects, venous tone did not change when mean arterial pressure was raised by 25-40 mm Hg, although heart rate fell reflexly by 40%o. Venous tone remained constant in 10 subjects when arterial pressure was lowered. This contrasted to the sustained rise in forearm vascular resistance and the persistent tachycardia that occurred. However, 12 subjects continued to respond to these interventions by transient venoconstriction. To eliminate possible emotional influences on venous tone due to the experimental intervention, venous responses were studied before and during general anesthesia in five of these subjects. In contrast to the response before anesthesia, an equivalent fall in arterial pressure during anesthesia no longer evoked a venoconstrictor response. Venous reactivity and the baroreceptor reflex arc remained intact during anesthesia, since venous tone always rose after a deep inspiration, and tachycardia always accompanied the fall in arterial pressure. It is concluded that changes in arterial pressure in the physiologic range in man do not induce measurable reflex alterations in venous tone, and that the increases sometimes seen with decreases in arterial pressure appear to be due to extraneous psychic factors.
INTRODUCTION
It has long been recognized that the veins contain a large proportion of the total blood volume and hence function as a capacitance system (1) (2) (3) (4) (5) (6) . Since small alterations in the size of these capacitance vessels might p)lay an important homeostatic role in the control of cardiac outl)plt and(l arterial lressure, much interest has centered upon. the mechanisms resl)onsil)le for the regulation of the venous bed. One mneans by which such regulation can be achieved is through l)arorecel)tor-mediated reflexes, and substantial evidence is available to sul)port the contention that this system plays an important role in the regulation of the degree of Nrenocoinstriction. Thus, a number of investigations hav-e (lemolnstrated that a reduction in carotid sinus pressure produces venoconstriction in the dog (7) (8) (9) (10) (11) (12) , and that carotid sinus hypertension prodluces venodilation (7, 9, 10) . As a result of such studies, in their moiiograph Heymans and Neil wrote that "the most important change (luring reflex systemic hypertension of sino-aortic origin is Jrobably that of venoconstriction" (13) .
On the other hand, Browse, Donald, and Shepherd (14) have recently shown that venous tone in dogs is not significantly altered l)y changes in baroreceptor activity if the range of pressure change induced in the carotid sinus is kept within physiologic limits; alterations in venous tone occurred only with large variations in carotid sinus pressure. The role of the baroreceptor system in regulating venous tone in man is also disputed. Thus, upright tilt, lower-body negative pressure, and drug-in-(luced hypotension have all been shown to be followed by venoconstriction ( 1 [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ; on the other hand, several recent studies have shown that the venoconstriction after upright tilt and lowerbody negative pressure occurs irregularly and is generally slight and transient (21) (22) (23) . It has been our experience in studies on conscious man that it is often extremely difficult to determine whether an increase in venous tone after an intervention which decreases baroreceptor activity is truly mediated by the baroreceptor system, or is the result of the well-known responsiveness of the venous system to many sensory and emotional stimuli. This consideration suggested the possibility that the variable results of the earlier studies in man might -have been caused by the reaction of the capacitance vessels to stimuli other than those sensed by the baroreceptor system.
In the present investigation an attempt was made to determine whether or not the capacitance system participates in reflexes mediated by the baroreceptor system. Accordingly, venous tone was measured before and during arterial hypertension induced pharmacologically, and arterial hypotension induced pharmacologically and by subatmospheric pressure applied to the body below the iliac crests (lower-body negative pressure). In order to eliminate as completely as possible all extraneous stimuli that might affect venous tone and thereby lead to erroneous interpretations, the following steps were taken.
(a) Each subject was thoroughly familiarized with the experimental procedure and was studied several times until reproducible reactions were elicited.
(b) The response of the veins to arterial hypotension was studied before and during general anesthesia. While the depth of anesthesia used was sufficient to abolish responses to painful and other noxious stimuli, it did not abolish reflex changes in heart rate in response to induced hypotension, or venoconstriction in response to chest wall movement. METHODS 21 male and 3 female subjects whose ages ranged from 19 to 54 yr were studied. 11 of the subjects were normal volunteers and 13 were patients with various forms of heart disease in functional classes I-III (New York Heart Association). 4 of the patients had had a StarrEdwards mitral valve prosthesis inserted 6-15 months previously. Before any of the patients were included in the study, it was first determined that each had the usual increase in venous tone in response to such standard stimuli as a deep inspiration, mental arithmetic, or application of ice to the skin (15, 21, (24) (25) (26) (27) (28) (29) . Venous tone was measured in each subject by the occluded limb technique recently described in detail by Samueloff, BevegArd, and Shepherd (28) . In several subjects forearm venous tone was also measured simultaneously by either the equilibration technique (18) or the acute occlusion method (17, 18, 29) .
A. OCCLUDED LIMB TECHNIQUE Venous pressure was measured through a 19 or 21 gauge scalp vein needle or a small polyethylene catheter introduced percutaneously into a superficial vein of the forearm or hand. The tip of the needle or catheter was used as the zero reference level for venous pressure. A sphygmomanometric cuff was placed at the wrist when a -hand vein was used and both above the elbow and at the wrist when a forearm vein was used. The hand or forearm was then isolated from the circulation by the rapid inflation of the cuff to 270-300 mm Hg. In order to achieve venous pressures less than 20-25 mm Hg after -occlusion, it was often necesary to empty the veins by elevating the limb above the level of the heart before the cuff was inflated.
B. EQUILIBRATION TECHNIQUE
This technique has been described in detail (18) and was performed by placing a sphygmomanometric cuff above the elbow and a Whitney mercury-in-rubber strain gauge plethysmograph at the mid-forearm. Venous pressure was recorded proximal to the strain gauge through a 21 gauge scalp vein needle. The forearm was elevated so that the forearm venous pressure was near zero and failed to decrease with further elevation of the arm. Before any measurements were made, the hand was excluded from the system by inflation of a wrist cuff to suprasystolic levels. The cuff above the elbow was then inflated to 30 mm Hg, and forearm circumference, as measured by the plethysmograph, and the venous pressure were allowed to equilibrate. Since forearm venous pressure remains stable at 30 mm Hg after equilibration, acute alterations in forearm volume, as assessed by changes in circumference, reflect a change in venous tone.
C. ACUTE OCCLUSION TECHNIQUE
With the forearm prepared in the same manner as described for the equilibration technique, the brachial cuff was rapidly inflated to 30 mm Hg, and forearm blood flow, expressed in ml/100 g of tissue per minute, was calculated from the rate of change in forearm circumference during venous occlusion (18, 29) . Venous tone was calculated as the ratio of increase in venous pressure to the increase in forearm volume that occurred during venous occlusion and was expressed in mm Hg/ml (17, 18, 29) . Forearm vascular resistance (FVR) was calculated as the ratio of mean arterial pressure to forearm blood flow, expressed as mm Hg/ml/100 g per minute.
Baroreceptor activity was modified by the following methods.
(a) With the subjects in the 800 head-up position phenylephrine (0.3-0.8 mg/minute) was infused at a constant rate with an infusion pump to raise mean systemic arterial pressure by 25-30 mm Hg.
(b) With the subjects ill the supine positioni, j)g of synthetic bradykinin (Sandoz Pharmaceuticals, Hanover, N. J.) was injected intravenously over 5-10 sec to lower mean arterial pressure by 10-30 mm Hg.
(c) Nitroglycerin was administered sublingually in a dose of 0.4-0.8 mg with the subjects in the 800 head-up position.
(d) Lower body negative pressure was produced with the subjects supine by placing the lower part of the body from the level of the iliac crests into an airtight box (22, 23, 30) and decreasing pressure within it to 60 mm Hg below ambient barometric pressure. This level of negative pressure was achieved in 60-90 sec and maintained for 5-15 min. The recording of venous tone, measured by the occluded limb technique, began 1-2 min before the tilt, and was continued until the subjects were returned to the supine position. The subjects remained in the head-up position for a period of time ranging from 5 to 15 min. The arm in which venous tone was measured was placed on an arm board at right angles to the body in order to maintain a relatively constant relationship to the level of the heart throughout the tilt. The pressure transducer was mounted on the arm board and was thus always approximately at the same level as the tip of the needle from which pressure was measured. Any deviation from zero reference that occurred during the tilt was determined by withdrawing the venous needle at the end of the procedure, repositioning it over the vein from which it had been withdrawn, and repeating the tilt; venous pressure changes measured during the tilt were subsequently corrected for any change from the zero reference point. The effects on venous tone of deep inspiration and lower body negative pressure, as measured simultaneously by the occluded limb and acute occlusion techniques. Lower body negative pressure causes no change in venous tone as recorded either by the occluded limb or acute occlusion techniques. Reactivity of the veins is shown by the venoconstriztion after a deep breath. The increased heart rate that occurs during lower body negative pressure demonstrates that the intervention initiates baroreceptor reflexes.
The studies were performed at a room temperature of 23'C. All subjects had received a light breakfast before the study, and were thoroughly familiarized with the laboratory and methodology of the study. After placement of the catheters, a deep inspiration was performed to ensure that the venous system was responsive. Depending oln the particular experimental protocol, the response of venous tone to several of the following interventions was measured: mental arithmetic; cold stimulation (by immersing the opl)osite hand in ice water or placing several pieces of ice oln the abdomen) ; 800 head-up tilt; infusion of phenylephrine; injection of bradykinin; sublingual administration of nitroglycerin; or lower body negative pressure.
In five l)atients with. atrial fibrillation who were scheduled for elective electrical conversion, the response of venous tone to changes in arterial pressure was studied before and (during general anesthesia produced by the intravenous injection of sodium thiopental. These l)atients ranged in age from 37 to 68 yr. Three had had a mitral valve prosthesis inserted at least 6 months previously. One had mitral stenosis, and one had arteriosclerotic heart disease. Arterial pressure was lovered in four of the subjects by injecting bradykinin and in one by lower body negative pressure. The study (luring anesthesia was performed before electrical conversion, and venous tone was measured by the occluded limb technique. With this method it was possible to arrest the circulation to the limb under investigation before injection of sodium thiopental and thus obviate any direct effects this agent might have oln the reactivity of the veins. In order to ensure that the level of anesthesia did not abolish the ability of the veins to respond reflexly, the venous pressure response of the occluded limib to chest wall movements was tested immediately after the intervention used to* lower arterial pressure by producing a moderately deep, forced inspiration.
RESULTS
I. Comparison of occluded limb with equilibration and acute occlusion techniques for determination of venous tone The effects of ice placed on the abdomen, mental arithmetic, and deep inspiration were measured simultaneously by the occluded limb and equilibration techniques in four subjects. In all of them each stimulus increased venous tone as measured l)y both methods (Figs. 1 a and b) .
The effects of a deep inspiration and lower body negative pressure were measured simultanieously by the occluded limb and acute occlusion techniques in eight subjects. Similar changes in venous tone were recorded by the two methods in each subject. At no time was a change in venous tone recorded with one method when such a change was not recorded with the other method (Figs. 5 and 6 ).
IV. Response of venous tone to decreasing systemic arterial pressure A. CONSCIOUS SUBJECTS 1. Bradykinin. The effects on venous tone of the intravenous injection of bradykinini were studied in 12 subjects. In eight of them, venoconstriction occurred consistently. However, in several of these studies the increase in venous tone actually preceded any fall in arterial pressure (Fig. 7) , and an injection of saline often produced as much venoconstriction as occurred during the administration of bradykinini. It was thus impossible to determine whether the venoconstriction in these subjects was initiated by a baroreceptor-mediated reflex in response to arterial hypotension, or from the discomfort (local pain, flushing, palpitations, etc.) produced by bradykinin, or whether it resulted from psychic stimuli precipitated by the anticipation of these effects.
In the other four subjects venous tone was unchanged during the hypotension produced by bradykinin (Fig. 8) . That the baroreceptor reflex arc was intact in these individuals is attested to by the fact that the fall in arterial pressure was always associated with a marked increase in heart rate; in these four subjects a decrease in mean arterial pressure averaging 19%o was accompanied by a reciprocal increase in heart rate averaging 26%o. Reactivity of the venous system was demonstrated in each instance by the increase in venous tone that followed a deep inspiration. While three of these four subjects initially responded to bradykinin by venoconstriction, after one or more experiences with the drug venous tone no longer changed, despite the fact that bradykinin continued to cause comparable decreases in arterial pressure and elevations of heart rate. All these findings suggest that any venoconstriction occurring after bradykinin was due to its side effects rather than to a baroreceptor-mediated. reflex resulting from hypotension.
Venous System in Baroreceptor-Mediated Reflexes in Man The effects on arterial pressure, venous tone, and heart rate of the intravenous administration of bradykinin. Although an increase in venous tone occurred after bradykinin, the increase began before any discernible fall in arterial pressure.
hypotension, or venoconstriction in response to forced inspiration (Figs. 10 and 11 ).
DISCUSSION
The results of this study demonstrate a dissociation between the response to baroreceptor-mediated reflexes of the capacitance vessels on the one hand, and the heart and resistance vessels on the other; when arterial pressure was changed to a degree sufficient to produce reflex alterations in sympathetic discharge to the resistance vessels and to the heart, as manifest by consistent changes in forearm vascular resistance and heart rate, no alterations in venous tone occurred when extraneous psychic stimuli were eliminated. Thus, although it has been generally believed that the veins normally play an important role in baroreceptormediated reflexes, it now appears that the capacitance vessels of the limb do not participate in these reflexes in man when physiologic alterations of baroreceptor stimulation are induced.
Although use of the occluded limb technique as a qualitative measure of changes in venous tone is theoretically acceptable, is technically simple, has been used successfully by several investigators (20, 21, 28, 31) , and has been found to show tone responses to upright tilt and lower body negative pressure, several other observations provide strong evidence against the hypothesis that the increase in venous tone that often occurred after interventions that lowered arterial pressure was due to a baroreceptor-mediated reflex. First, it was observed that the venoconstrictor response disappeared in several subjects after bradykinin had been injected or lower body negative pressure applied several times (Fig. 9 ). This lack of venous response was seen despite changes in arterial pressure comparable to those initially present when venoconstriction. did occur, and contrasted with the changes in heart rate and forearm vascular resistance which were unaltered with repeated interventions. Second, in several subjects in whom venous tone increased during either pharmacologically or mechanically induced reductions in arterial pressure, the increase in venous tone began before any effect oln arterial pressure occurred (Fig. 7) . Indeed, in many of these subjects anl injection of saline or simply turning oln the vacuum pump without connecting it to the negative pressure box was sufficient to evoke a venoconstrictor response. The hypothesis that the capacitance vessels of the arm do not normally participate in baroreceptor-mediated reflexes is also supported by the work of Bevega'rd and Shepherd (33) who showed that increasing the transmural pressure across the carotid arteries did not result in a decrease in venous tone. However, since the aortic arch baroreceptors were not exposed to this stimulus, it could be argued that they effectively buffered any reflex changes in venous tone evoked by selective stimulation of the baroreceptors located in the neck. That this was not the case is shown in the present study by the observation that no decrease in venous tone occurred when both the carotid and aortic arch baroreceptors were stimulated simultaneously by the generalized elevation of systemic arterial presure. The effects of systemic hypertension were studied with the subjects in the 800 head-up position, since it previously has been shown that a significant degree of sympathetic activity is present in this position (34) . Hence if alteration of sympathetic activity to the veins were an integral part of the baroreceptormediated reflex, it would be expected that with the subjects in the 80°head-up position venodilation would have been observed in response to an increase in arterial pressure.
While this study indicates that the veins do not ordinarily participate in baroreceptor reflexes in man it should be emphasized that this conclusion can be applied only to the veins of the limbs, since only these have been studied thus far. In addition, it appears possible that extreme changes in baroreceptor activity, as would occur in cardiogenic shock, massive hemorrhage, syncope, or in individuals subjected to large gravitational stresses such as those induced during centrifugal studies, might lead to changes in venous tone. Indeed, this would appear to be likely if observations on such-extreme interventions in the dog are relevant to man.
In conclusion, the results of this investigation suggest that while the venous bed of the human forearm is extremely reactive to a number of stimuli, physiologic alterations in arterial pressure do not in fact produce reflex changes in venous tone.
It would thus appear that in the face of postural changes, or moderate changes in central blood volume, arterial pressure is maintained relatively constant by alterations in sympathetic outflow to the heart and to the resistance vessels, rather than to the venous bed.
